The cap structure bound to CBC is believed to play and specificity, but are also coordinated by transcripa major role in the stabilization of the mRNA, since it tion. The phosphorylated CTD of RNA polymerase II represents an obstacle for 5Ј-3Ј exonucleases (Beelman provides key molecular contacts with these mRNA and Parker, 1995). In addition, in the cytoplasm, cap processing reactions throughout transcriptional elonbound to eIF-4E and other translation initiation factors gation and termination.
Splicing Before a gene transcript is ready to be transported out With a few exceptions, mammalian genes are interof the nucleus, it has to undergo three major processing rupted by noncoding sequences (introns), and in order to events to produce the fully translatable mRNA. These generate a functional message from the DNA template, comprise the acquisition of a cap structure at the 5Ј mRNA splicing must occur. The transcribed pre-mRNA terminus, the splicing out of introns within the body of itself contains several consensus elements in cis, which the pre-mRNA, and the generation of a 3Ј end, usually are essential for the splicing reaction. The 5Ј exon-intron modified by the addition of a poly(A) tail. Although each junction or splice site (indicated by |) is marked by the consensus sequence AG|GURAGU (R, purine; Y, pyrimiof these reactions are biochemically distinct processes, dine). The end of the intron, the 3Ј splice site, is defined they are interlinked and so influence one another's specby YAG|RNNN. About 100 nt upstream of the 3Ј splice ificity and efficiency. Furthermore, 3Ј end formation and site lies the branchpoint CURA
2OH
Y with a highly consplicing have traditionally been viewed as posttranscripserved adenosine followed by a pyrimidine-rich track. tional processing events. However, in more recent years
In chemical terms splicing occurs in two steps. As it has emerged that these reactions are not only capable shown in Figure 2 , first the 2ЈOH of the branchpoint of influencing each other but are also tightly linked to adenosine acts as a nucleophile to attack the 5Ј exontranscription. It is therefore now believed that most intron border, and trans-esterification results in a free mRNA processing reactions occur cotranscriptionally.
5Ј exon and a lariat-shaped molecule consisting of the This review describes recent progress in the field from intron sequences and the 3Ј exon. In the second step, genes in both lower and higher eukaryotes. Although the 3ЈOH of the freed 5Ј exon attacks the intron-3Ј exon the universal nature of gene expression means that most border. The subsequent trans-esterification results in processes will occur throughout eukaryotes, it cannot the fusion of the two exon sequences and the release be assumed that all details will be the same from yeast of the lariat-shaped intron (Moore and Sharp, 1993). The to man. five small nuclear RNAs (snRNAs) U1, U2, U4, U5, and U6 exist with associated proteins in snRNPs. These mRNA Processing Reactions snRNPs, together with many other proteins, assemble Capping over the intron to form the spliceosome and thereby The first pre-mRNA processing step occurs after about facilitate splicing (Kramer, 1996 ; Burge et al., 1999, for 20-30 nucleotides have been synthesized. A three-step reviews). reaction adds a cap structure to the 5Ј end of all mRNAs Interaction of the U1 snRNA with the 5Ј splice site (Figure 1) . First, an RNA 5Ј triphosphatase (RTP) hydroinitiates spliceosome assembly. In higher eukaryotes, lyzes the triphosphate of the first nucleotide to a diphosthe 3Ј splice site and adjacent pyrimidine tract are identiphate. Then, a guanylyltransferase (GT) catalyzes the fied through interactions with a dimeric splicing factor fusion of a GMP moiety from GTP to the first nucleotide U2AF. This, in turn, helps recruit U2 snRNP to the of the pre-mRNA via an unusual 5Ј-5Ј triphosphate linkbranchpoint together with a branchpoint binding protein (BBP or SF1). In yeast, BBP and U2 snRNP can independently find the branchpoint (which has a more extensive . U2 snRNA ments demonstrated that nucleotides in the conserved U5 snRNA loop can interact both with 5Ј and 3Ј exon base pairs with the branchpoint sequences and, in so doing, bulges out the branchpoint adenosine, enhancing sequences (Newman, 1997, for review). The role of U5 is likely to be in positioning the exons for the second the first nucleophilic attack. In contrast, U4 does not directly interact with the pre-mRNA but plays an essennucleophilic attack. As mentioned above, although a large number of proteins are known to be part of the tial role in bringing U5 and U6 into the spliceosome. U6 interacts with sequences at the 5Ј splice site consensus spliceosome, there is now growing evidence that the catalytic component of the spliceosome may indeed be after the displacement of U1. Both U2 and U6 not only interact with sites on the pre-mRNA but importantly RNA based (Valadkhan and Manley, 2000) . First, in vitrotranscribed U2 and U6 RNA fragments in the absence of build three essential helices by intramolecular base pairing with each other. These complex RNA-RNA interacany protein components are able to form intermolecular base pairing, similar to those obtained in the spliceotions between U2, U6, and the pre-mRNA seem to form a catalytic core (Madhani and Guthrie, 1992; Sun and some. Second, the addition of a small branch-site like RNA oligo to this U2/U6 RNA complex was able to trigManley, 1995) and by so doing place the 5Ј splice site and branchpoint in close proximity. Crosslinking experiger, in the complete absence of proteins, a nucleophilic The only known protein-encoding genes that lack a mRNAs contain a uniform 3Ј end consisting of around 200 adenosine residues. The formation of this poly(A) poly(A) tail are the replication-dependent histone genes. The formation of histone 3Ј ends differs significantly tail is directed by sequences present on the pre-mRNA and the mammalian polyadenylation machinery, confrom polyadenylation, as an essential U7 snRNP complex is required. Furthermore, the mature 3Ј end is obsisting of at least six multimeric protein factors ( Figure  3 ). Prior to the addition of poly(A), the pre-mRNA must tained by a single cleavage event. Two elements within the histone pre-mRNA play a crucial role in this maturabe cleaved. The site of cleavage in most pre-mRNAs lies between the highly conserved AAUAAA hexamer tion process. Sequences in the untranslated region of the histone RNA are able to form a stem-loop structure and a downstream sequence element (DSE), which is a U-or GU-rich motif. Cleavage itself occurs predomithat is the site of interaction for the stem loop binding protein (SLBP). A purine-rich motif is located further nantly at a CA dinucleotide. In retroviruses it is also a common feature that U-rich upstream sequence eledownstream and provides the histone pre-mRNA with an anchor for interaction with the 5Ј end of U7 snRNA. ments (USE) located 5Ј of the AAUAAA sequence are required for full efficiency of the poly(A) signal. USEs
The SLBP is not absolutely required for the processing reaction but proved to be indispensable in histone prehave also been identified in two mammalian genes, C2 Complement and Lamin. These cis elements are recogmRNAs that have reduced complementarity to U7. RNA cleavage occurs between the two sequence elements nized by two multisubunit protein complexes. The 160 kDa subunit of the cleavage and polyadenylation speciin the histone pre-mRNA and similar to polyadenylation, the preferred nucleotide at which this occurs is an adenficity factor (CPSF) has been shown to interact with the AAUAAA, but it is most likely that the other three subosine. A further factor called heat labile factor HLF (due to its sensitivity to heat treatment) is essential for the units (CPSF-100, CPSF-73, and CPSF-30) contribute to the specificity and strength of binding. 
Transcription and mRNA Processing
Also, as a simple explanation of the above described As described in the first part of this review, it is clear promoter dependence of mRNA processing, recruitment that almost all steps in the production of the mature, of mRNA processing factors to the phosphorylated CTD translatable messenger RNA are interconnected. Thus, occurs (for reviews see Hirose and Manley, 2000; the presence of a cap modification at the 5Ј end of Proudfoot, 2000) . The explanation for why Pol I and III mRNA augments both splicing and polyadenylation.
promoters are unable to generate transcripts capable Also, several examples of the close integration of splicof mRNA processing is thus simply explained by the ing and polyadenylation are described. In many cases fact that these polymerases lack CTDs. Similarly, snRNA it is likely that important examples of gene regulation and histone promoters must specify the recruitment of are achieved through the interplay of these three mRNA specific RNA processing factors that operate on their processing mechanisms. These interconnections are homologous RNAs and not other mRNA sequences. now explained by the large body of evidence that demIt is also now clear that Pol II promoters can predeteronstrates the direct association of the RNA polymerase mine the balance of alternative mRNA splicing. An alter-II (Pol II) complex with mRNA processing activities at all natively spliced exon (EDA) from the fibronectin gene three stages of gene transcription; initiation, elongation, has been investigated as part of a chimeric globin-fibroand termination. Recent progress in our understanding nectin gene construct. The ratio of mRNAs that include of Pol II termination warrants a more extended account or exclude this alternative exon was previously shown of this process (see below). to be strongly influenced by the promoter used to drive Initiation transcription. Thus, the ␣-globin promoter resulted in a A number of studies have revealed that there may be a preponderance of EDA inclusion, while the fibronectin direct connection between the promoter of a gene and promoter gave the reverse effect (Cramer et al., 1997). how its transcript is processed. First, early experiments Although the relative strength of the promoter did not using chimeric gene constructs in which the transcripappear to correlate with a specific splicing pattern, retion of a Pol II gene was driven by either a Pol I or cent data from this system does argue that the capability Pol III promoter indicated that capping, splicing, and of the promoter to mediate more or less processive polyadenylation were all prevented, or at least partially transcription elongation can also strongly correlate with specific processing patterns. Thus, less-processive repressed ( binds the protein CP1 and effectively terminates tranalso required for termination to occur (see Figure 5 ). In particular, the fact that the human ␤-and ⑀-globin gene scription from upstream genes. A detailed transcriptional analysis of the mouse ␤-major globin gene 3Ј termination region transcripts are targets for a cotranscriptional cleavage activity is likely to be an important flanking region also identified a number of sequence elements, including a 69 bp AT-rich sequence that efpart of the termination process. It has yet to be determined how this cleavage event is orchestrated, but it fects transcription termination in the presence of a functional poly(A) site. Interestingly, the activity of this seis possible that it is carried out by a ubiquitous RNA degradation pathway or as an intrinsic transcript cleavquence is dependent on its position relative to the poly(A) site (Tantravahi et al., 1993) . age activity of Pol II (Dye and Proudfoot, 2001 ). Whichever the case, it appears that RNA processing is involved To add to these data, a very recent study of transcription in the human ␤-globin gene 3Ј flanking region has at all stages of the Pol II transcription termination process. identified sequence tracts located between 900 and 1600 bp downstream of the poly(A) site that are required Transcriptional Termination in Histone, snRNA, and snoRNA Genes for transcriptional termination. Interestingly, hybrid selection analysis of transcripts in these terminator tracts, Histone pre-mRNAs like snRNAs are not spliced, and the majority are not polyadenylated. The mature 3Ј end using an antisense biotinylated RNA probe, spanning the poly(A) site region, shows that they are cotranscripof histone transcripts is formed by an endonucleolytic cleavage of the primary transcript. As with other mRNA tionally cleaved. This cleavage activity was originally referred to as pretermination cleavage (PTC) but is now genes, Pol II transcription does not terminate until it is some distance beyond the histone 3Ј processing site. An renamed cotranscriptional cleavage (CoTC) to avoid confusion with the term pretermination codon. Although early report suggested that transcriptional termination at a position located 600 bp downstream of the mouse the activity that mediates CoTC has so far not been identified, it is clear that both 3Ј end processing and H2a gene was dependent on 3Ј end processing at the upstream site. A more recent study using an in vitro CoTC are required for transcription termination but occur independently of each other. Thus, the efficiency of system indicates that termination of a proportion of transcripts is dependent on the presence of functional hismRNA 3Ј end processing appears to be unaffected by deletion of the termination region, and conversely, CoTC tone processing signals rather than the cleavage reaction (Dominski and Marzluff, 1999, for review). in the termination region transcript occurs in the absence of upstream mRNA 3Ј end processing (Dye and Although most snRNAs are transcribed by Pol II, they are neither spliced nor polyadenylated. 3Ј end formation ). In this same study, the dependence of ⑀-globin termination on long tracts of 3Ј flanking reof mature snRNAs requires a sequence element known as the 3Ј box, which is located 9-19 nt downstream of the gion was also described. However, it appears that termination elements in this region are more diffuse than in end of the nascent transcript (reviewed in Hernandez, 1992) . Run-on analysis of the mouse U1 snRNA gene has the ␤-globin gene. The sequence elements described in the human ␤-globin gene differ from those described shown that transcriptional termination of the majority of transcripts occurs close to the 3Ј box (Kunkel and in the mouse ␤-major globin gene in two ways: they are longer and they can also function at various positions Pederson, 1985) . Until recently, it was unknown whether the 3Ј box is an RNA processing or transcription terminarelative to the poly(A) site. One characteristic that both the mouse and human termination elements share is AT tion signal. This issue was addressed in a study employing run-on analysis and in vivo foot printing of the richness. Hybrid selection nuclear run-on analysis of transcripts spanning the termination sequences in the U1 and U2 genes (Cuello et al., 1999). Whereas U1 transcription terminates abruptly after the 3Ј box, nascent ␤-globin 3Ј flanking region enables a dissection of the termination process. Current data favors a model in transcripts of the U2 gene are detected up to 250 nt downstream. The extended nature of U2 snRNA nascent which Pol II termination occurs in two stages. In step 1, the termination region transcript is cotranscriptionally transcripts indicates that the 3Ј box is not a transcription termination sequence. In vivo foot printing of the U1 cleaved. Since Pol II transcription termination is dependent on cotranscriptional 3Ј end processing at the poly(A) gene showed that a protein-DNA interaction occurs downstream of the 3Ј box. This sequence element, in signal and in vitro experiments indicate a direct involvement of Pol II CTD in this process (Hirose and Manley, conjunction with the U2 3Ј box, was shown to cause transcriptional termination in transiently transfected 1998), it is predicted that an interaction of the transcript with the CTD may continue after CoTC has taken place.
constructs. It appears from this study that the U1 and U2 snRNA genes have a similar bipartite termination This interaction and subsequent cleavage at the poly(A) site may then have a role in mediating step 2 of the process to that of mRNA genes, requiring RNA processing and termination elements. termination mechanism for all Pol II transcribed genes.
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